Abstract Few studies have focused on the expression of heat shock proteins (HSPs) after chronic heat stress. The objective of this study was to investigate the effect of chronic high temperature-humidity index treatment on the expressions of HSP60, HSP70, HSP90, HSPA2 and HSC70, in the Rex rabbit testis and the expressions of these proteins after recovery from the chronic heat shock. Thirty mature male rabbits of the same age were randomly divided into three groups: control, heat stress, and recovery. The western blot results showed that the expressional levels of HSP60, HSP90, and HSC70 increased significantly and HSPA2 was elevated slightly after a 9-week heat treatment. HSP70 was absent in the control testis and had a high level of expression after heat stress. All of these proteins partially reverted back to normal levels after a 9-week recovery. The immunohistochemical results indicated that the expression patterns of HSP60, HSP90, HSPA2, and HSC70 did not change.
Introduction
All living organisms respond to environmental stresses, including hyperthermia, by synthesizing a set of proteins originally termed heat shock proteins (HSPs, Becker and Craig 1994) . According to the molecular weights, mammalian HSPs are classified into different families including HSP105/110, HSP90, HSP70, HSP60, HSP40, and other small HSPs. HSPs act as molecular chaperones, assisting in the folding, assembly, and disassembly of other proteins (Wu 1995; Georgopoulos and Welch 1993) . Through complex mechanisms, HSPs play a dual role in the regulation of apoptosis. They either inhibit the apoptotic response or directly promote apoptosis (Neuer et al. 2000; Sreedhar and Csermely 2004) . Different HSPs have different expression profiles, are found in different cell types, and are localized to distinct cellular compartments.
HSP60 is a mitochondrial chaperon (Viitanen et al. 1992) . Its major role is to facilitate the proper folding and assembly of newly imported proteins (Werner et al. 1997) . HSP60 has been detected in the cytoplasm of spermatogonia, spermatocytes, and Sertoli cells in rat (Meinhardt et al. 1995) and human testis (Werner et al. 1997) . It is also expressed in spermatids and Leydig cells in rabbit testis (Wu et al. 2011) . A previous study indicates that it is constitutively expressed and is moderately induced in response to environmental insults such as heat (Welch 1993) .
The expression of the 70-kDa heat shock cognate (HSC70) gene is both constitutively expressed and stress inducible at both the mRNA and protein levels (Brown et al. 1993; Chen et al. 1996) . It is widely distributed in the spermatogonia, Sertoli cells, and round spermatids in the rabbit testis (Wu et al. 2011) . In contrast, the expression of stress-inducible HSP70 is hardly detectable under normal growth conditions, but greatly elevated after exposure to environmental or physiological stresses (Brown et al. 1993; Chen et al. 1996) . HSP70 is involved in cellular repair and protective mechanisms (Mosser et al. 2000) . HSPA2 is developmentally regulated and is specifically expressed in spermatogenic cells. HSPA2 was specifically detected in meiotic and postmeiotic male germ cells, mainly in pachytene spermatocytes and round spermatids (Vydra et al. 2009; Wu et al. 2011) .
HSP90 executes its chaperone function as part of a complex with a large number of cofactors (Wegele et al. 2003) . Biggiogera et al. (1996) showed that HSP90 is present in the cytoplasm of all male germ cell types during mouse spermatogenesis. HSP90 has been detected mainly in spermatogonia and elongated spermatids in rabbit testis (Wu et al. 2011) . A porcine study showed that HSP90 transcripts are constitutively expressed in porcine tissues including kidney, liver, brain, and heart, and their levels are markedly enhanced after a 30-min hyperthermia treatment at 43°C (Huang et al. 1999) . Currently, there are many reports about the changes of heat shock proteins under acute heat stress conditions (Bukau and Horwich 1998; Cao et al. 2009 ), but there are very few reports about chronic heat treatment, especially in rabbits. Rabbits are extremely sensitive to heat stress. A rise in testicular temperature in rabbits leads to reduced spermatogenesis; temporary sterility; decreased sexual desire, ejaculate volume, motility, sperm concentration, and total number of spermatozoa in an ejaculate; and increased sperm abnormalities and dead sperm (Marai et al. 2002) . And our previous study demonstrated the specific expression of HSP60, HSP90, HSPA2, and HSC70 in rabbit testis in normal condition (Wu et al. 2011) . So, in the present study, we explore the expressional changes of HSP60, HSP70, HSP90, HSPA2, and HSC70 after chronic heat stress and after a 9-week recovery.
Materials and methods

Experimental animals
The experiment was conducted using artificial climate chambers at the College of Animal Science and Technology at the China Agricultural University. A 12-h light, 12-h dark (12L:12D) daily schedule was used. Thirty male Rex rabbits, 18-week (adolescent) old and with an initial body weight of~3,000 g, were subjected to the treatments. All the rabbits were housed in 54×60×40-cm wire cages arranged in a flat-deck system, with similar management and hygienic conditions. Commercial feed pellets and water were provided ad libitum to each rabbit. The thirty rabbits were placed at 24°C with 60% relative humidity for 4 weeks prior to the start of the experiment. After that, the rabbits were adult.
To ensure that an exact temperature and humidity were maintained in each climatic chamber, hydrothermographs (TES-1361C, Taiwan) were used to record temperature and relative humidity every 5 min. From these data, mean daily air temperature and relative humidity were calculated. temperature-humidity index (THI) was estimated according to the equation developed by Marai et al. (2001) for rabbits:
where db is dry bulb temperature in degrees Celsius and RH is the relative humidity percentage/100. Calculated THI values were subsequently classified as follows: <27.8= absence of heat stress, 27.8-28.9=moderate heat stress, 28.9-30.0=severe heat stress, and >30.0=extremely severe heat stress.
Experimental design
Thirty male Rex rabbits were randomly divided into three groups: control (CON), heat stress (HS), and heat stress recovery (RE). CON rabbits were housed at a constant 24°C with 60% relative humidity. HS and RE rabbits were subjected to temperatures that fluctuated between 26°C and 36°C on a daily basis. For a detailed description of the daily temperature regimen, see Fig. 1 . Relative humidity for these animals was held at 80%. These conditions imitate the daily summertime conditions of Beijing.
Rabbits were subjected to these conditions for 9 weeks. At the end of week 9, CON and HS rabbits were sacrificed using intravenous pentobarbital sodium salt (50 mg/kg; Merck KGaA, Darmstadt, Germany). One testis from each rabbit was collected, fixed in Bouin's solution, and embedded in paraffin. The other testis was collected and frozen in liquid nitrogen for western blot analysis. Immunohistochemical staining and western blot analysis for the expression of HSP60, HSP70, 90, HSPA2, and Fig. 1 The temperature cycle during a single day of heat stress. HS rabbits were subjected to a heat regimen that imitates the summer climate of Beijing. From 7:00 to 11:00 hours, the temperature was gradually increased from 26°C to 36°C. The temperature was maintained at 36°C for 4 h and then gradually decreased to 26°C between 15:00 and 19:00 hours. Between 19:00 and 7:00 hours, the temperature was maintained at 26°C HSC70 were respectively performed using the protocols as previously described (Wu et al. 2011) .The expressions of HSPs were quantified using Gel-Pro analyzer software (Version 4.0, Media Cybernetics, America) and normalized against expressions of β-actin.
After the 9-week test period, RE rabbits were allowed to recover for an additional 9 weeks at 24°C and 60% relative humidity. Following the recovery period, their testes were collected as described above.
The THI for the CON and RE (the last 9 weeks) groups was 22.7, which indicates that rabbits living in these conditions were free of heat stress. The THI for the HS and RE (the first 9 weeks) groups was 29.3, which indicates that these rabbits suffered severe heat stress.
Statistical analysis
The data were presented as the mean±SD of three independent experiments. Significant differences (P values <0.05) with control group were determined using general linear model with Statistical Analysis System (Version 8 of the SAS System).
Result
Expression of testicular HSP60, HSP70, HSP90, HSPA2, and HSC70
Using specific antibodies and western blot analyses, we demonstrated that HSP60, HSP90, HSPA2, and HSC70 were expressed in all rabbit testis of the three groups (Fig. 2a, lane 1) . The expression levels of HSP60 (Fig. 2b) , HSP90 (Fig. 2f) , and HSC70 (Fig. 2c) increased significantly (P<0.001), and the expression of HSPA2 elevated slightly (Fig. 2e, P<0 .05) after a 9-week heat treatment. HSP70 was not expressed in the testis of the control group, but was expressed at a high level after chronic heat Fig. 2 Expression of HSPs after heat stress by western blot. a HSP60, HSC70, HSP70, HSPA2, and HSP90 were detected in the testes of control (lane 1), heat stress (lane 2), and recovery (lane 3) rabbits. β-Actin was used as a reference. Statistical analysis the expression levels of HSP60 (b), HSC70 (c), HSP70 (d), HSPA2 (e), and HSP90 (f) in CON, HS, and RE rabbits. Band intensity was measured using GelPro analyzer software and normalized against that of β-actin. Data were presented as the mean±SD and analyzed using general linear model. **P<0.001, *P<0.05 exposure (Fig. 2a, lane 1; Fig. 2d ). The expression of HSP60, HSP70, HSP90, and HSC70 decreased partially after the 9-week recovery but were still higher than the levels of the control group (Fig. 2b-d , f, P<0.05); however, the expression level of HSPA2 recovered to the normal rate (Fig. 2e, P>0 .05).
Immunolocalization of HSP60, HSPA2, HSP90, and HSC70 in the testis
The immunohistochemistry (IHC) result revealed that the distributions of HSP60, HSP90, HSPA2, and HSC70 did not change after the high temperature treatment and the 9-week recovery. In the testis of the three groups, HSP60 was localized in the cytoplasm of the spermatogonia, Sertoli cells, Leydig cells, and in the apical pole of the spermatids (Fig. 3a-c) . HSC70 staining was seen in the cytoplasm of the spermatogonia, spermatocytes, and spermatid heads (Fig. 3d-f) . The HSPA2 protein immunoreactivity was detected in the cytoplasm of pachytene spermatocytes and round spermatids (Fig. 3g-i) . IHC results showed specific staining of HSP90 in elongated spermatids and spermatogonia (Fig. 3j-l) .
Immunolocalization of HSP70 in the testis
Immunohistochemical results showed that HSP70 was not expressed in the rabbit testis of the control and recovery Fig. 3 Localization of HSP60, HSC70, HSPA2, and HSP90 proteins in the rabbit testes of control rabbits (CON), 9-week heat stress treated rabbits (HS), and recovery rabbits (RE). a HSP60 of control, b HSP60 of heat stress, c HSP60 of recovery, d HSC70 of control, e HSC70 of heat stress, f HSC70 of recovery, g HSPA2 of control, h HSPA2 of heat stress, i HSPA2 of recovery, j HSP90 of control, k HSP90 of heat stress, and l HSP90 of recovery. HSP60, HSC70, HSPA2. Positive staining is shown as brown. Spg spermatogonium, Spc spermatocyte, R round spermatids, S Sertoli cell, E elongated spermatid. Bar 20 μm groups (Fig. 4a, c) . However, HSP70 was expressed in the nuclei of the Leydig cells, spermatids, and spermatocytes after heat stress (Fig. 4b) .
Discussion
We investigated the expression levels and cellular localizations of heat shock proteins 60, 70, 90, A2, and HSC70 in the normal, heat-treated, and recovery rabbit testis. The results show that chronic heat stress affects the expressional levels but not the localizations of HSP60, HSP70, HSP90, HSPA2, and HSC70 in the rabbit testis.
The expression pattern of HSP60 did not change, and the HSP60 signals were elevated significantly after chronic heat stress. That is in agreement with previous observations in the testis of cryptorchid monkeys (Tao et al. 2006 ) and in rat skeletal muscles after heat stress (Oishi et al. 2002) . In the present study, the expression level of HSP60 after the 9-week recovery period was still higher than that of the control. A possible reason for that is because the recovery period was not long enough. Zhang et al. (2005) have shown that HSP60 levels did not reach pretreatment levels until 84 days after cessation of the heat treatment in adult cynomolgus monkey testis. Considering the protective function of HSP60 as to cellular apoptosis (Lin et al. 2001 ) and the wide expression of HSP60 in the rabbit semiferous probably suggests that the increase in HSP60 exerts a multifunctional protective role in the testis during heat shock.
Our results in the rabbit testis showed that inducible HSP70 protein was induced by chronic heat stress. This finding has been confirmed by studies in murine testis (Zaprjanova et al. 2011 ) and rat skeletal muscles (Oishi et al. 2002) . Cao et al. (2009) demonstrated that the dramatic increase of HSP70 expression after heat stress might be responsible for the protection of cells from high temperature. Our unpublished data suggest that chronic heat shock triggers apoptosis in germ cells, especially in the spermatogonia. The immunohistochemical findings in the present study showed an intensive expression of HSP70 in the spermatogonia. This induction of HSP70 is to potentially reduce apoptosis.
HSC70 is a constitutively expressed protein, and it can also be induced by heat stress. The expression of HSC70 was shown to increase significantly in porcine embryos after hyperthermia treatment (Bernardini et al. 2004) . Our current results in the rabbit testis agree with these results. With regard to its function, Zaprjanova et al. (2011) reported that in heat stress conditions, HSC70 is mobilized to prevent apoptosis in testis and to assist HSP70 in its protective function by repairing proteins whose conformation is altered by stress.
In this study, HSPA2 levels increased slightly after chronic heat shock without changes in localization. However, Ścieglińska et al. (2008) found that at physiological temperature, HSPA2 was localized primarily in the cytoplasm whereas, during heat shock, localization shifted to the nucleus and nucleoli. Zhou et al. (2001) found that there was no difference in the levels of HSPA2 expression between the contralateral scrotal testis and normal testis at any times. HSPA2 has a modest role in the maintenance of germ cell viability during the middle part of the pachytene spermatocyte development and is essential for the viability of late pachytene spermatocytes (Eddy 1999) . The continuous presence of HSPA2 is Fig. 4 Localization of HSP70 protein in the rabbit testes of nonstressed rabbit (a), 9-week heat stress-treated rabbit (b), and recovery rabbit (c). Positive staining is shown as brown. Spg spermatogonium, Spc spermatocyte, R round spermatid, S Sertoli cell. Bar 20 μm necessary for preventing apoptosis, enabling the cells to complete the cell cycle in normal and heat-treated spermatogenesis (Zhou et al. 2001) .
The localization of HSP90 did not change in our study, and the western blot results show that the expression of HSP90 is elevated after chronic heat stress. These results are in agreement with previous reports in mouse testis (Biggiogera et al. 1996) , rat liver (Cvoro and Matić 2000) , and porcine tissues (Huang et al. 1999) . Grad et al. (2010) speculated that HSP90 may be required to maintain and activate the meiotic regulators and HSP90 interactors (HSPA2, NASP, and Cdc2) and/or to disassemble the synaptonemal complex that holds homologous chromosomes together. Therefore, elevated expression of HSP90 may have a protective role in spermatogenesis under thermal stress.
In the present study, we used the heating condition that imitated the summer climate in Beijing because data from practical breeding showed reproductive ability of male Rex rabbit was decreased apparently under this climate. And our result demonstrated this heat stress condition significantly influenced the expressions of HSPs in rabbit testes. This conformed the finding in human testes that variation of HSPs is associated to abnormal spermatogenesis and male infertility (Feng et al. 2001; Adly et al. 2008) .
Actually, this summer climate also probably has an adverse effect on human fertility because data from Hebei province, which abuts Beijing, indicated that sperm concentration, sperm count per ejection, sperm progressive motility (%), and sperm viability (%) of healthy men were lowest in summer (Gao et al. 2007) . Although the mechanism that seasonal change influences man semen quality has not been explored yet, it probably has a close relation with the expression of HSPs in the testes as mentioned above. However, presently, there is no report about the expressional changes of HSPs in the human testes under heat stress. The present study has potential as an important reference for human study because the distribution patterns of HSP60 (Werner et al. 1997) , HSP70 (Widłak 2006) , HSP90 (Liu et al. 2004) , and HSPA2 (Son et al. 1999) in male testes at normal condition are similar with those of rabbit. Thus, this study will be valuable for detecting the changes and functions of HSPs in human testes under heat stress and be helpful to further understand the mechanism of hyperthermia that affects the human fertility.
In conclusion, the present study shows that all the expression levels of HSP60, HSP70, HSP90, HSPA2, and HSC70 increased after a 9-week heat treatment and are partially restored to normal levels after an additional 9-week recovery, although to different degrees. Their elevated expressions after heat treatment is most likely due to their protective roles in repairing the damage caused by heat stress. However, further studies are necessary to further elucidate their exact roles.
